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Two-dimensional ferromagnetic semiconductor VBr3 with tunable anisotropy
Lu Liu,1 Ke Yang,1 Guangyu Wang,1 and Hua Wu1, 2, ∗
1Laboratory for Computational Physical Sciences (MOE), State Key Laboratory of Surface Physics,
and Department of Physics, Fudan University, Shanghai 200433, China
2Collaborative Innovation Center of Advanced Microstructures, Nanjing 210093, China
Two-dimensional (2D) ferromagnets (FMs) have attracted widespread attention due to their
prospects in spintronic applications. Here we explore the electronic structure and magnetic proper-
ties of the bulk and monolayer of VBr3 in the honeycomb lattice, using first-principles calculations,
crystal field level analyses, and Monte Carlo simulations. Our results show that VBr3 bulk has
the e′g
2 (S=1) ground state and possesses a small orbital moment and weak magnetic anisotropy
favoring in-plane. Those results well explain the recent experiments. More interestingly, we find
that a tensile strain on the semiconducting VBr3 monolayer tunes the ground state into a1g
1e′g
1 and
thus produces a large orbital moment and a strong out-of-plane anisotropy. Then, the significantly
enhanced FM superexchange and single ion anisotropy (SIA) would raise TC from 20 K for the bare
VBr3 monolayer to 100-115 K under a 2.5%-5% strain. Therefore, VBr3 would be a promising 2D
FM semiconductor with a tunable anisotropy.
I. INTRODUCTION
Bulk materials with a van der Waals (vdW) gap, read-
ily to be cleaved, attract a large volume of attention
due to their thickness-dependent electronic and mag-
netic properties.1–9 In principle, long-range magnetic or-
der at finite temperature is prohibited in two-dimensional
(2D) isotropic Heisenberg spin systems according to the
Mermin-Wagner theorem.10 Very recently, 2D ferromag-
netism (FM) has been observed in atomically thin CrI3
(Ref. 1) and Cr2Ge2Te6 (Ref. 2). The FM ordering is
remarkably retained in CrI3 monolayer with the Curie
temperature TC=45 K. These discoveries have brought
about intriguing magnetism and have invoked extensive
research in 2D FMs. This opens a new avenue to spin-
tronic applications, such as spin valves,11 spin filters,12,13
and data storage.14
Vanadium trihalides are vdW materials with a layered
honeycomb structure, see Fig. 1. They are of current in-
terest due to their similarity with CrI3, and they may
also be promising candidates for 2D FMs.1,15–18 It is
worth noting that FM CrI3, with a closed Cr
3+ t32g shell,
has a quenched orbital moment, and that its magnetic
anisotropy comes from an exchange anisotropy induced
by the spin-orbit coupling (SOC) of the heavy I 5p or-
bitals and their hybridization with Cr 3d.19,20 In con-
trast, the open V3+ t22g shell in vanadium trihalides may
carry an unquenched orbital moment and achieve a sin-
gle ion anisotropy (SIA) via the V3+ SOC. This seems to
account for the hard perpendicular FM with TC≈50 K
observed in VI3 bulk
16–18 and even the Ising FM in VI3
monolayer.21
Among vanadium trihalides, VBr3 bulk is a layered an-
tiferromagnetic (AF) semiconductor with the Neel tem-
perature TN=26.5 K, the effective magnetic moment of
2.6 µB per V
3+ ion, and the optical band gap slightly
larger than 1 eV. And it has a stronger in-plane magnetic
susceptibility than the out-of-plane one below TN.
15 In
this article, we study the electronic and magnetic struc-
tures of VBr3 bulk and monolayer from first-principles
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FIG. 1. (a) The crystal structure of VBr3 bulk with V (Br)
atoms represented by yellow (blue) balls. (b) The structure
of VBr3 monolayer, and the blue (grey) balls referring to the
upper (lower) Br atoms within the monolayer.
calculations, crystal field level analyses, and Monte Carlo
simulations. We find that the V3+ ions are in the e′g
2
S=1 state in the trigonal crystal field of the honeycomb
lattice, and they have an intralayer FM coupling but one
order of magnitude weaker interlayer magnetic coupling.
Moreover, each V3+ ion carries a small in-plane orbital
moment due to a mixing of the e′g and a1g states by
V3+ SOC. Then, VBr3 bulk would rather have a weak
parallel magnetic anisotropy as detailed below, and this
explains the experimental anisotropic magnetic suscep-
tibilities. Note that VBr3 monolayer, if cleaved, would
be a 2D FM semiconductor with a weak parallel mag-
netic anisotropy and TC≈20 K. More interestingly, VBr3
monolayer would turn into the a1g
1e′g
1 ground state un-
der a tensile strain. Then it carries a large out-of-plane
orbital moment and has a strong SIA driven perpendicu-
lar magnetic anisotropy. As a result, the significantly en-
hanced FM superexchange and perpendicular anisotropy
would raise TC up to 100-115 K under a 2.5%-5% strain.
Therefore, VBr3 monolayer would be an appealing 2D
FM semiconductor with a tunable anisotropy.
2II. COMPUTATIONAL DETAILS
VBr3 bulk material (space group R3) has the A-B-C
layer stacking sequence via vdW interactions, see Fig. 1.
Edge-sharing VBr6 octahedra form a honeycomb lattice
within each layer. For V3+ ions with the local octahedral
coordinates, the global trigonal crystal field splits the t2g
triplet into the a1g singlet and the e
′
g doublet. The global
coordinate system was used in the following calculations,
with the z axis along the [111] direction of the local VBr6
octahedra and y along the
[
110
]
direction. Then the t2g
wave functions under the trigonal crystal field can be
written as
|a1g〉 =
∣∣3z2 − r2〉
∣∣e′g1〉 =
√
2
3
∣∣x2 − y2〉−
√
1
3
|xz〉
∣∣e′g2〉 =
√
2
3
|xy〉+
√
1
3
|yz〉 .
(1)
Density functional calculations (DFT) were carried out
using the full-potential augmented plane wave plus lo-
cal orbital code (Wien2k).22 The lattice parameters of
VBr3 bulk (monolayer) were optimized to be a=b=6.299
A˚ (6.342 A˚) and c=18.110 A˚, which are almost the same
(within 1.5%) as the experimental ones of a=b=6.371
A˚ and c=18.376 A˚.15 A vacuum slab of 10 A˚ was set along
the c-axis for the monolayer. The muffin-tin sphere radii
were chosen to be 2.5 Bohr for V atoms and 2.2 Bohr
for Br. The plane-wave cut-off energy of 12 Ry was set
for the interstitial wave functions, and a 12 × 12 × 1 k-
mesh was used for integration over the Brillouin zone.
Note that VBr3 is a narrow band (less than 1 eV, see
below) strongly correlated system, and the electron cor-
relation was included in our calculations, using the local
spin density approximation plus Hubbard U (LSDA+U)
method,23 with the typical values of Hubbard U=3.9 eV
and Hund exchange JH=0.9 eV. The obtained semicon-
ducting solution with the band gap of 1.2 eV well repro-
duces the experimental band gap. We also use crystal-
field level diagrams and superexchange pictures to un-
derstand the electronic and magnetic properties. The
spin-orbit coupling (SOC) was included for V 3d and Br
4p orbitals by the second-variational method with scalar
relativistic wave functions. Monte Carlo simulations on a
6×6×1 spin matrix have been performed to estimate the
Curie temperature of VBr3 monolayer using Metropolis
method.24
III. RESULTS AND DISCUSSION
VBr3 Bulk
We first investigate the VBr3 bulk for which the exper-
imental results are available for comparison. Our LDA
calculations find the t2g-eg crystal field splitting of about
1.5 eV, see Fig. 2(a). The a1g singlet and e
′
g doublet
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FIG. 2. The DOS results of (a) LDA and (b) LSDA for bulk
VBr3 in the trigonal crystal field. The blue (red) curves refer
to majority (minority) spins. The Fermi level is set at the
zero energy.
out of t22g each forms a partially occupied narrow band
(less than 1 eV) crossing Fermi level and they are almost
degenerate. The Br 4p state lies in the range of 2-6 eV
below Fermi level, and it has a notable pd hybridization
with V 3d, particularly the strong pdσ one with the eg
orbital. Owing to the narrow band localization effect,
the V 3d electrons prefer to be spin polarized and they
form S=1 state as indicated by LSDA calculations. As
seen in Fig. 2(b), only the up-spin a1g and e
′
g bands are
partially occupied, giving the total spin moment of 2 µB
for each V3+ ion.
Moreover, when the electron correlation effect is in-
cluded for this narrow band system as done in our
LSDA+U calculations, a semiconducting solution is ob-
tained with the closed e′g
2 subshell of the V3+ ions, see
Fig. 3(a). The semiconducting gap of 1.2 eV is well
comparable with the experimental value slightly larger
than 1 eV. As seen in Table 1, the S=1 V3+ ion has
the local spin moment of 1.86 µB reduced by the V 3d-
Br 4p hybridization. In contrast, another metallic solu-
tion (a1g
1e′g
1), with the half-filled e′g band crossing Fermi
level, was also obtained in our LSDA+U calculations, see
Fig. 3(b). However, this metallic solution turns out to
be much more unstable against the above semiconducting
one by about 312.5 meV/fu, see Table 1. Therefore, the
V3+ e′g
2 solution seems to be the ground state of VBr3
bulk. For this orbital state, our LSDA+U calculations
find that the intralayer FM state is more stable than the
AF state by 7.9 meV/fu, but the interlayer magnetic cou-
pling is one order of magnitude weaker (see below) and
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FIG. 3. The DOS results of LSDA+U for the insulating e′g
2
state (a) and the metallic a1g
1e′g
1 state (b). The blue (red)
curves refer to majority (minority) spins. The Fermi level is
set at the zero energy.
is out of concern (and beyond the scope) of this work.
To analyze the above results, we plot in Fig. 4 the
crystal field level diagrams of the V3+ ions. As the a1g
singlet and e′g doublet are almost degenerate, the two
possible solutions, e′g
2 and a1g
1e′g
1 are displayed in Figs.
4(a) and 4(d), respectively. The former is semiconducting
but the latter is metallic, given by the above LSDA+U
calculations. However, when the SOC is included, the a1g
and e′g can be mixed. Then the SOC can produce an in-
plane orbital moment, for example, an orbital moment
along the x axis by mixing the a1g and e
′
g2 [see Eq. 1
a1g
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eg
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FIG. 4. Crystal field level diagrams for V3+ S=1 ion in dif-
ferent configuration states: (a) e′g
2, (b) e′g1
1(a1ge
′
g2)
1, and (d)
a1g
1e′g
1. SOC is active in (c), (e), and (f).
TABLE I. Relative total energies ∆E (meV/fu) for VBr3 bulk
by the LSDA+U and LSDA+SOC+U calculations, and the
local spin and orbital moments (µB) for the V
3+ ion. The
FM state is considered in most calculations except for those
marked with intralayer AF, and ‖ (⊥) represents the in-plane
(out-of-plane) magnetization.
States ∆E Mspin Morb
LSDA+U e′g
2 0.0 1.86 −
e′g
2 (AF) 7.9 1.84 −
a1g
1e′g
1 312.5 2.04 −
LSDA+SOC+U e′g
2, ‖ 0.0 1.87 −0.23
e′g
2, ‖ (AF) 8.2 1.84 −0.21
e′g
2, ⊥ 2.3 1.86 0.00
a1g
1Lz−
1, ⊥ 14.5 1.91 −1.15
e′g1
1Lx−
1, ‖ 26.7 1.90 −1.11
a1g
1Lz+
1, ⊥ 54.1 1.91 1.14
and Figs. 4(b)-4(c)]. In contrast, the mixing between
the e′g1 and e
′
g2 states by the SOC will produce the Lz±
states with an orbital moment along the z axis. These
possible solutions, as shown in Figs. 4(b), 4(c), 4(e), and
4(f), will be obtained in the following LSDA+SOC+U
calculations.
We collect our LSDA+SOC+U results in Table 1. The
formal e′g
2 state now has an in-plane orbital moment of
–0.23 µB, in addition to the spin moment of 1.87 µB.
This semiconducting solution is very similar to that one
by LSDA+U , see Figs. 3(a) and 5(a). The small in-plane
orbital moment tends to align via SOC the spin moment
also in the plane. If the magnetization is assumed to be
along the z axis for the formal e′g
2 state, no orbital mo-
ment will appear as the SOC split Lz± states are both
fully occupied. Then only the spin moment of 1.86 µB
persists. As a result, the formal e′g
2 state with the small
in-plane orbital moment gains a partial SOC energy, pro-
ducing the easy planar magnetization with the magnetic
anisotropy energy of 2.3 meV/fu, see Table 1. Moreover,
this state favors the intralayer FM coupling, with the in-
tralayer AF state being higher in energy by 8.2 meV/fu.
This intralayer FM coupling will be further elucidated
below for the VBr3 monolayer. In contrast, the inter-
layer magnetic coupling is much weaker due to the vdW
gap and here the layered FM and AF states differ in total
energy only by 0.8 meV/fu.
To determine the electronic ground state of the VBr3
bulk, we also achieve several other possible solutions us-
ing the constrained LSDA+SOC+U calculations with the
initialized configurations25,26 for those different orbital
states shown in Fig. 4. For example, when we start from
the a1g
1e′g
1 state and now perform LSDA+SOC+U cal-
culations, we will get either a1g
1Lz−
1 state or a1g
1Lz+
1.
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FIG. 5. The DOS results of the e′g
2 ground state (a)
and the a1g
1Lz−
1 meta-stable state (b) of bulk VBr3 by
LSDA+SOC+U . The blue (red) curves stand for majority
(minority) spins. The Fermi level is set at the zero energy.
The former solution is now semiconducting [see Fig.
5(b)], in sharp contrast to the a1g
1e′g
1 metallic one given
by LSDA+U [see Fig. 3(b)]. This semiconducting
a1g
1Lz−
1 state lies in total energy higher than the (e′g
2
‖) ground state by 14.5 meV/fu, and has the local spin
moment of 1.91 µB and the orbital moment of –1.15 µB
(see Table 1), both of which are along the z axis but an-
tiparallel. If we force the orbital moment to be parallel
to the spin moment as done for the a1g
1Lz+
1 solution,
the increasing total energy (54.1 vs 14.5 meV/fu) allows
us to estimate the SOC strength parameter ξ ∼ 40 meV
for V3+ 3d electrons. Moreover, by an equal mixing via
SOC between the a1g and e
′
g2 states, the e
′
g1
1Lx−
1 state
can also be obtained in our LSDA+SOC+U calculations,
which give a spin (orbital) moment of 1.90 (–1.11) µB
both along the x axis. However, this solution is higher
in total energy than the (e′g
2 ‖) ground state by 26.7
meV/fu.
The above results lead us to a conclusion that the vdW
bulk material VBr3 is a narrow band magnetic semicon-
ductor. It is in the formal V3+ e′g
2 S=1 ground state
and has a small in-plane orbital moment and magnetic
anisotropy energy of 2.3 meV/fu. The spin and orbital
moments prefer to align in the plane, and those V3+ spins
are FM coupled in the plane. The V3+ S=1 spin mo-
ment and a small antiparallel orbital moment account
for the experimental effective magnetic moment of 2.6
µB,
15 which is slightly reduced from the pure spin contri-
bution 2
√
S(S + 1)=2.83 µB. Moreover, considering the
intralayer FM coupling and the one order of magnitude
weaker interlayer magnetic coupling and the experimen-
tal layered AF state with TN=26.5 K, we can explain the
experimentally observed magnetic anisotropy15: At 50 K
and above, the magnetic susceptibilities are almost the
same for the applied magnetic field parallel or perpen-
dicular to the ab plane; At 1.8 K, the in-plane magnetic
susceptibility is much stronger than the out-of-plane one.
This is because at 1.8 K, VBr3 bulk is in the layered AF
state with the spins lying in the ab plane. As the in-
terlayer AF coupling (∼0.8 meV/fu) is weaker than the
magnetic anisotropy (2.3 meV/fu), those spins are more
susceptible to the in-plane magnetic field and can flip
in the ab plane, giving a stronger parallel magnetic sus-
ceptibility. At 50 K and above, the magnetic anisotropy
(2.3 meV) is already overcome, and thus the system is
in the isotropic paramagnetic state. As such, our results
have well explained the experimental magnetic behavior
of VBr3 bulk.
VBr3 Monolayer
The vdW material VBr3 has an intralayer FM cou-
pling and a much weaker interlayer magnetic coupling,
and thus it could be a potential 2D FM semiconductor
which is desirable for spintronics. The calculated cleav-
age energy of 0.22 J/m2 for the VBr3 monolayer, using
the DFT+vdW correction, is well comparable with that
of 0.3 J/m2 for the CrI3 monolayer which is already ex-
foliated from its bulk. Hence, we now turn to the VBr3
monolayer and focus on its electronic and magnetic prop-
erties by carrying out LSDA+SOC+U calculations, su-
perexchange analyses, and Monte Carlo simulations of its
2D FM order. The tensile strain effect of the 2D lattice is
also studied, and it is capable of tuning the orbital state
of the V3+ ions and turns out to significantly enhance
the FM order with tunable superexchange and magnetic
anisotropy.
The electronic structure of the VBr3 monolayer is very
similar to that of the bulk, and therefore the DOS results
for the monolayer are not shown here again. We list the
major results in Table 2 from the LSDA+SOC+U calcu-
lations of the most concern. All the solutions for VBr3
monolayer are semiconducting. For the bare monolayer
without strain, the electronic ground state is again the
formal e′g
2 state, which carries the local V3+ spin moment
of 1.87 µB and a small in-plane orbital moment of –0.23
µB. As a result, the easy magnetization direction lies
in the ab plane, with the magnetic anisotropy energy of
2.0 meV/fu. Moreover, this e′g
2 ground state prefers the
FM coupling within the 2D V3+ lattice, which is more
stable than the AF state by 7.9 meV/fu. In addition,
for the a1g
1Lz−
1 state, it has a large out-of-plane orbital
moment of –1.15 µB (antiparallel to the spin moment of
1.91 µB) but is less stable than the e
′
g
2 FM ground state
by 12.0 meV/fu. Therefore, the bare VBr3 monolayer is
5TABLE II. Relative total energies ∆E (meV/fu), local
spin and orbital moments (µB/V) of VBr3 monolayer by
LSDA+SOC+U . The FM state is considered in most cases
except for the states marked with AF, and ‖ (⊥) stands for
the in-plane (out-of-plane) magnetization.
Strain States ∆E Mspin Morb
0% e′g
2, ‖ 0.0 1.87 −0.23
e′g
2, ‖ (AF) 7.9 1.84 −0.21
e′g
2, ⊥ 2.0 1.86 0.00
e′g
2, ⊥ (AF) 9.7 1.84 0.00
a1g
1Lz−
1, ⊥ 12.0 1.91 −1.15
2.5% a1g
1Lz−
1, ⊥ 0.0 1.92 −1.16
a1g
1Lz−
1, ⊥ (AF) 31.8 1.87 −1.22
a1g
1Lz−
1, ‖ 15.0 1.92 −0.12
a1g
1Lz−
1, ‖ (AF) 47.3 1.87 −0.10
e′g
2, ‖ 80.9 1.87 −0.44
5% a1g
1Lz−
1, ⊥ 0.0 1.92 −1.17
a1g
1Lz−
1, ⊥ (AF) 38.4 1.87 −1.25
a1g
1Lz−
1, ‖ 13.9 1.93 −0.09
a1g
1Lz−
1, ‖ (AF) 52.4 1.87 −0.08
e′g
2, ‖ 141.6 1.87 −0.41
Strain D J J ′ TC
0%, M ‖ −1.9 2.6 −0.06 20
2.5%, M ⊥ 15.2 10.8 −0.15 100
5%, M ⊥ 13.9 12.8 −0.02 115
a FM semiconductor with a parallel magnetic anisotropy.
The electronic state and magnetism of 2D materials
may be tuned by a strain. For VBr3 monolayer, a ten-
sile strain would flatten the VBr6 octahedron along the
z axis (i.e., the local [111] direction of the VBr3 octahe-
dron) and lowers the a1g singlet off the e
′
g doublet. Then,
the a1g
1e′g
1 would become the ground state for the S=1
V3+ ion, and it would have a large perpendicular orbital
moment and a strong single ion anisotropy (SIA) in the
SOC split ground state a1g
1Lz−
1. To verify this, we per-
form LSDA+SOC+U calculations for the VBr3 mono-
layer under the tensile strain of 2.5% and 5%. For the
2.5% strain, both the formal e′g
2 and a1g
1Lz−
1 solutions
are achieved in our calculations. The e′g
2 solution has a
spin moment of 1.87 µB and an in-plane orbital moment
of –0.44 µB, and however, it has a much higher total en-
ergy than the a1g
1Lz−
1 solution by 80.9 meV/fu. Indeed,
here the a1g
1Lz−
1 solution becomes the ground state as
expected, and it has a spin moment of 1.92 µB and a large
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FIG. 6. FM superexchange in the (near) 90◦ V-Br-V bonds:
(a) the charge transfer type and (b) the Mott-Hubbard type.
out-of-plane orbital moment of –1.16 µB, see Table 2.
This orbital moment tends via the SOC to align the spin
moment along the z axis, and if the spin moment flips into
the xy plane, there would be a large SOC energy cost. As
a result, the a1g
1Lz−
1 ground state has a large perpendic-
ular magnetic anisotropy, which is up to 15.0 meV/fu by
our LSDA+SOC+U calculations. For the 5% strain, the
a1g
1Lz−
1 ground state becomes even more stable against
the formal e′g
2 state by 141.6 meV/fu, and the resultant
perpendicular magnetic anisotropy is 13.9 meV/fu. Ap-
parently, the tensile strain can effectively modify the elec-
tronic ground state of VBr3 monolayer and tune its mag-
netic anisotropy, from the formal e′g
2 ground state and a
moderate parallel magnetic anisotropy to the a1g
1Lz−
1
ground state and a large perpendicular anisotropy.
Moreover, the tensile strain turns out to enhance the
FM coupling significantly: For the bare VBr3 mono-
layer, the e′g
2 ground state prefers the FM superexchange,
which is more stable than the AF one by 7.9 meV/fu. For
the monolayer under 2.5% strain, the a1g
1Lz−
1 ground
state has a much enhanced FM stability against the AF
by 31.8 meV/fu, which is up to 38.4 meV/fu for 5%
strain, see Table 2. Now we provide a picture to un-
derstand why the FM superexchange is largely enhanced
under the tensile strain, i.e., upon the electronic state
transition from e′g
2 to a1g
1Lz−
1. To better discuss the
electron hopping, here we use the local XY Z coordinates
of the VBr3 octahedra. Then the V 3d wave functions
can be written as follows
|eg〉 = 1√
2
(
∣∣Z2〉± ∣∣X2 − Y 2〉)
|a1g〉 = 1√
3
(|XY 〉+ |XZ〉+ |Y Z〉) (2)
∣∣e′g〉 = Lz± = 1√
3
(|XY 〉+ e± i2pi3 |XZ〉+ e± i4pi3 |Y Z〉).
6Having the early transition metal V and the strong V
3d-Br 4p covalency, VBr3 could be at the border of Mott-
Hubbard type and charge-transfer one.27 When consid-
ering the charge-transfer behavior, the V 3dX2−Y 2−Br
4pX,Y−V 3dX2−Y 2 virtual hoppings (forth and back,
large pdσ type) with double holes on the ligand Br 4p
orbitals are important, see Fig. 6(a), and this would give
a FM superexchange which sees no difference between the
e′g
2 and a1g
1Lz−
1 states. However, in the Mott-Hubbard
regime, the V3+ ions in the e′g
2 or a1g
1Lz−
1 state would
undergo much different FM superexchange. Considering
an effective t2g electron hopping in two neighboring V
3+
ions via the common ligand Br 4p orbital [see Fig. 6(b)],
with the strength t2pdpi/∆ where ∆ is the charge transfer
energy, the effective hopping between the a1g orbitals of
two neighboring V3+ ions is parameterized as 2t2pdpi/3∆
(defined as 2t0), and so is the hopping in between the Lz+
and Lz− orbitals, and the rest inter-site hopping within
the t2g is t0=t
2
pdpi/3∆, see more details in Refs. 21 and
27. Then, the superexchange FM stability against AF
via the occupied to unoccupied t2g is (10t
2
0/U)(2JH/U)
in the a1g
1Lz−
1 state, being more than doubled as com-
pared with that of (4t20/U)(2JH/U) in the e
′
g
2 state.
As shown above, the tensile strain significantly en-
hances the FM superexchange of the VBr3 monolayer
and the SIA. Therefore, the FM ordering temperature
TC of the VBr3 monolayer would be largely increased by
the tensile strain. We carry out Monte Carlo simulations
to estimate the TC, using the following spin Hamiltonian
H = −D
∑
i
(Szi )
2 − J
2
∑
〈ij〉
−→
Si · −→Sj − J
′
2
∑
〈ij〉
Szi · Szj , (3)
where the first term stands for the SIA [positive (neg-
ative) D for the easy (hard) z-axis magnetization], the
second term describes the Heisenberg isotropic exchange
[positive (negative) J for FM (AF) coupling], and the last
term represents the anisotropic exchange [positive (neg-
ative) J ′ for the easy (hard) z-axis magnetization]. The
sum over i runs over all V3+ sites with S=1 in the hon-
eycomb lattice, and j over the three nearest neighbors
of each i. The parameters D, J , and J ′ are determined
by calculating the four magnetic states, i.e., the FM and
AF states with the in-plane or out-of-plane magnetiza-
tion, see Table 2.
For the VBr3 monolayer, we find that J
′ is one to two
orders of magnitude smaller than D and J , showing a
minor contribution from the anisotropic exchange. Thus,
the 2D FM order of VBr3 monolayer is mainly stabilized
by the FM superexchange and SIA. (This is different
from the well studied CrI3 monolayer, where the Cr
3+
ion has a closed t32g shell and has a negligible SIA, and
the notable anisotropic exchange comes from the strong
SOC of the heavy I 5p orbitals and strong Cr 3d-I 5p
hybridization.19,20) Note that for VBr3 monolayer under
the tensile strain, the FM J parameter is significantly en-
hanced, and the SIA D parameter changes from a small
negative value to a large positive one, see Table 2. For
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FIG. 7. Monte Carlo simulations of the specific heat of the
VBr3 monolayer under different tensile strains.
the bare VBr3 monolayer, its TC is about 20 K, accord-
ing to our Monte Carlo simulations, due to the relatively
small SIA and the relatively weak FM superexchange. In
strong contrast, the VBr3 monolayer has a significantly
increasing TC up to 100-115 K under the 2.5-5% tensile
strain, due to the strong FM coupling and strong SIA.
Therefore, we propose that the VBr3 monolayer under a
tensile strain would be a promising 2D FM semiconduc-
tor, which calls for an experimental verification.
IV. SUMMARY
In summary, using density functional calculations
including SOC effect and electron correlation, and the
crystal field and superexchange pictures as well, we
find that the vdW material VBr3 is in the formal e
′
g
2
ground state and has an intralayer FM coupling and a
weak parallel magnetic anisotropy. These results well
account for the experimental magnetic behavior of the
bulk VBr3. More interestingly, the VBr3 monolayer
has a well comparable or even smaller cleavage energy
as compared with other known 2D materials, and it is
proposed to be a 2D FM semiconductor. We find that
the bare VBr3 monolayer has TC≈20 K estimated from
our Monte Carlo simulations, which is due to the rela-
tively weak FM coupling and the small parallel magnetic
anisotropy. In strong contrast, a tensile strain turns the
VBr3 monolayer into the a1g
1Lz−
1 ground state. Then,
the VBr3 monolayer under the 2.5-5% tensile strain has
a largely increasing TC up to 100-115 K, which arises
from the significantly enhanced FM superexchange and
the strong perpendicular magnetic anisotropy. Thus we
conclude that VBr3 monolayer under a tensile strain has
a largely tunable magnetic anisotropy and quite high TC
and it would be a promising 2D FM semiconductor.
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